Absorptive lineage Secretory lineage Reserve ISC EC PC GC TC EEC Multipotent differentiation Stemness Enhancer activation Promoter transactivation KLF5 KLF5 ISC genes (Lgr5, Ascl2) Ascl2 H3K27ac ISC SUMMARY Intestinal stem cells are required for proliferation, differentiation, and regeneration of the intestinal epithelium. Krüppel-like factor 5 regulates intestinal stem cells in both physiologic and pathological conditions and may be a treatment target in certain diseases of the intestine. BACKGROUND & AIMS: Self-renewal and multipotent differentiation are cardinal properties of intestinal stem cells (ISCs), mediated in part by WNT and NOTCH signaling. Although these pathways are well characterized, the molecular mechanisms that control the 'stemness' of ISCs are still not well defined. Here, we investigated the role of Krüppel-like factor 5 (KLF5) in regulating ISC functions. METHODS: We performed studies in adult Lgr5 EGFP-IRES-creERT2 ; Rosa26 LSLtdTomato (Lgr5 Ctrl ) and Lgr5 EGFP-IRES-creERT2 ;Klf5 fl/fl ; Rosa26 LSLtdTomato (Lgr5 DKlf5 ) mice. Mice were injected with tamoxifen to activate Cre recombinase, which deletes Klf5 from the intestinal epithelium in Lgr5 DKlf5 but not Lgr5 Crtl mice. In experiments involving irradiation, mice were subjected to 12 Gy total body irradiation (TBI). Tissues were collected for immunofluorescence (IF) analysis and next generation sequencing. Oganoids were derived from fluoresecence activated cell sorted-(FACS-) single cells from tamoxifen-treated Lgr5 DKlf5 or Lgr5 Crtl mice and examined by immunofluorescence stain. RESULTS: Lgr5 þ ISCs lacking KLF5 proliferate faster than control ISCs but fail to self-renew, resulting in a depleted ISC compartment. Transcriptome analysis revealed that Klf5-null Lgr5 þ cells lose ISC identity and prematurely differentiate. Following irradiation injury, which depletes Lgr5 þ ISCs, reserve Klf5-null progenitor cells fail to dedifferentiate and regenerate the epithelium. Absence of KLF5 inactivates numerous selected enhancer elements and direct transcriptional targets including canonical WNT-and NOTCHresponsive genes. Analysis of human intestinal tissues showed increased levels of KLF5 in the regenerating epithelium as compared to those of healthy controls.
T he intestinal epithelium is replenished every 3-5 days and is driven by Lgr5 þ intestinal stem cells (ISCs) at the crypt bottom. 1 Stemness encompasses both self-renewal and multipotent differentiation, which must be carefully balanced to maintain a stable ISC pool while continuously supplying differentiated cells in the villi. ISCs divide stochastically and symmetrically, following "neutral drift" dynamics. 2, 3 When ISCs are depleted by gamma irradiation or other injuries, multiple crypt cell types dedifferentiate to replace them, revealing significant tissue plasticity. [4] [5] [6] [7] [8] Both WNT and NOTCH signaling pathways are necessary for maintaining ISC stemness, [9] [10] [11] [12] but the mechanisms by which they influence ISC division and differentiation are not well defined at this time.
Krüppel-like zinc-finger transcription factor (TF) KLF5 is expressed in both ISCs and transit-amplifying (TA) [13] [14] [15] cells and regulates epithelial proliferation, differentiation, and development. 13, 16 Conditional Klf5 deletion from the entire mouse intestinal epithelium, using Villin-Cre as a driver, impairs epithelial cell proliferation. [17] [18] [19] Previous studies in Lgr5 EGFP-IRES-creERT2 mice indicated that KLF5 is important for crypt cell survival, 15, 20 but could not distinguish its requirement between ISCs and TA cells. Consequently, KLF5's ability to regulate ISC stemness, its transcriptional targets, and possible links to WNT and NOTCH signaling remain undefined. In addition, whether epigenetic modifications such as covalent histone marks are regulated by KLF5 in ISCs has not been examined. In the current study, we hypothesize that KLF5 is critical for the maintenance of ISC identity and functions through transcriptional and epigenetic regulation.
To determine KLF5's functions in ISCs, we investigated Lgr5 EGFP-IRES-creERT2 ;Rosa26 LSLtdTomato (Lgr5 Ctrl ) and Lgr5 EGFP-IRES-creERT2 ;Klf5 fl/fl ;Rosa26 LSLtdTomato (Lgr5 DKlf5 ) mice following tamoxifen-induced activation of Cre recombinase. Surprisingly, absence of KLF5 increased ISC proliferation and induced premature enterocyte differentiation, with attendant loss of ISC identity. KLF5 is also required for the regeneration of the intestinal epithelium in response to radiation injury. Global gene analyses revealed a role of KLF5 in controlling both epigenetic and transcriptional activities of ISC-specific gene sets, including selected key elements related to WNT and NOTCH signaling. These findings identify a novel molecular mechanism by which a tissuerestricted TF maintains ISC identity and functions.
Results

KLF5 Deficiency Accelerates ISC Proliferation, Inhibits Self-Renewal, and Impairs Crypt Cell Dedifferentiation
To investigate the role of KLF5 in regulating ISC selfrenewal and maintenance, we injected Lgr5 Ctrl and Lgr5 DKlf5 mice with tamoxifen for 5 consecutive days to activate Cre recombinase and 5-ethynyl-2 0 -deoxyuridine (EdU) to selectively label cells in S-phase ( Figure 1A) . In Lgr5 Ctrl mice or Lgr5 DKlf5 mice before tamoxifen administration, KLF5 is expressed in both ISCs ( Figure 1B , magenta arrowheads) and the TA zone of progenitor cells ( Figure 1B , yellow brackets). Over a 12-day period following the initial tamoxifen treatment, the crypts of Lgr5 DKlf5 mice showed a progressive loss of Lgr5 EGFPþ ISCs (Figures 1B and 1C ) and reduced expansion of EdU þ RFP þ crypt cells ( Figures 1D and  1E ) when compared with control mice. Using a 3-hour EdU pulse treatment, we found at all studied time points that approximately 20% of Lgr5 þ cells were in S-phase in Lgr5 Ctrl mice (Figures 2A and 2B) . In contrast, between 2 and 5 days after Klf5 deletion, up to 35% of Lgr5 þ cells incorporated EdU (Figures 2A and 2B) . This difference in cell proliferation between Lgr5 Ctrl and Lgr5 DKlf5 mice was no longer apparent after day 9, possibly because the number of Lgr5 þ cells was significantly reduced ( Figure 1C ) and replaced by KLF5-expressing Lgr5 EGFPþ cells that had escaped Cre recombination ( Figure 2C ).
As increased EdU incorporation in Lgr5 þ cells upon loss of KLF5 implies a faster rate of ISC proliferation, we traced the fate of ISC division after 3-hour and 24-hour EdU pulse treatments. In Lgr5 Ctrl mice, the fraction of EdU-labeled Lgr5 þ ISCs increased from 18.4 ± 0.6% at 3 hours to 31.1 ± 2.4% at 24 hours (Figures 2D and 2E, yellow arrowheads), providing evidence for self-renewal. This is confirmed by the significantly higher number of RFP þ progenitors within the crypts, from day 2 to 5, in Lgr5 Ctrl mice ( Figure 1F ). In contrast, the proportion of EdU-labeled Lgr5 þ cells in Lgr5 DKlf5 mice decreased from 35.7 ± 3.4% at 3 hours to 17.9 ± 1.6% at 24 hours ( Figures 2D and 2E ), suggesting that self-renewal of ISCs is impaired, which leads to reduced numbers of Lgr5 þ ISCs from the crypt base. These findings indicate that absence of KLF5 accelerates ISC division and reduces self-renewal, leading to ISC exhaustion. Importantly, these ISC functions contrast with those in crypts at large, where absence of KLF5 impairs cell replication. 15, 18, 20 Although Klf5-deleted ISCs proliferate faster, generation of the lineage was stunted during the first 12 days, as evidenced by the scarcity of RFP þ cells within villi compared with Lgr5 Ctrl mice ( Figure 2F ). Crypt cells, which predominantly drive tissue renewal, showed reduced EdU incorporation after Klf5 deletion ( Figures 1D and 1E ). Whereas RFP þ cells replaced most crypt cells in Lgr5 Ctrl mice by day 5, lineage tracing by Klf5-deleted RFP þ cells was slower ( Figures 1D and 1F ). However, the total number of crypt cells from day 2 to 12 was similar between Lgr5 Ctrl and Lgr5 DKlf5 mice ( Figure 1G ).
Abbreviations used in this paper: ASCL2, achaete-scute family bHLH transcription factor 2; ChIP-seq, chromatin immunoprecipitation assay with sequencing; EdU, 5-ethynyl-2 0 -deoxyuridine; EGFP, enhanced green fluorescent protein; GSEA, gene set enrichment analysis; H&E, hematoxylin and eosin; IGV, Integrative Genomics Viewer; ISC, intestinal stem cell; IRR, irradiation; KLF5, Krüppel-like factor 5; LGR5, leucine rich repeat containing G protein-coupled receptor 5; RFP, red fluorescent protein; RNA-seq, RNA sequencing; RT-qPCR, reverse transcriptase quantitative polymerase chain reaction; TA, transit amplifying; TF, transcription factor; TSS, transcription start site; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling. To determine long-term effects of KLF5 loss on the tissue lineage, we traced GFP þ and RFP þ cells for 19, 33, and 61 days following tamoxifen treatment. Klf5-null RFP þ crypts were rapidly depleted ( Figures 3A and 3B ) and the few residual crypts at day 61 were diminutive and devoid of Lgr5 EGFPþ ISCs ( Figure 3A , yellow arrowheads). KLF5expressing RFP -Lgr5 EGFPþ cells appeared in Lgr5 DKlf5 mice starting at day 12 ( Figure 3A , magenta arrowheads; and Figure 3C [such cells were infrequent in Lgr5 Ctrl mice]). Furthermore, residual Klf5-null RFP þ crypts continued to incorporate EdU ( Figure 3D ) and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining revealed absence of apoptosis ( Figure 3E ). Together, these findings imply that crypt loss resulted from impaired ISC self-renewal and impaired ability of Klf5-null progenitors to dedifferentiate in response to ISC attrition.
Most current article
KLF5 Is Required for ISC Clonal Expansion
To test the ability of ISCs to expand clonally in 3D enteroid cultures in the absence of KLF5, we isolated Lgr5 EGFPhi cells from Lgr5 Ctrl and Lgr5 DKlf5 mice (Figures 4A and 4B). We did so on day 5 after tamoxifen treatment, based on the high recombination efficiency and strong in vivo phenotypes evident at this time (Figures 1 and 2 ). Approximately 1% of control Lgr5 EGFPhi cells formed enteroids by day 6, while Klf5-null cells expanded briefly but failed to form typical, mature enteroids ( Figures 4C, 4D , and 4E). A majority of Klf5-deleted cells incorporated EdU on the second day of ex vivo culture, and the average number of nuclei was higher than in control cultures ( Figures 4F and 4G ), but EdU incorporation ceased by day 6 ( Figure 4F ). Moreover, staining with CC3 on day 8 of culture showed absence of apoptosis in the arrested enteroids derived from Lgr5 DKlf5 cells ( Figure 4H ). These data confirm that Klf5 deletion initially accelerates ISC proliferation, but the cells subsequently fail at clonal expansion.
KLF5 Deficiency Results in Premature ISC Differentiation
To define the transcriptional impact of Klf5 loss in Lgr5 þ ISCs, we profiled the transcriptomes of Lgr5 EGFPhi cells isolated from Lgr5 Ctrl and Lgr5 DKlf5 mice and observed differences in 2209 protein-coding genes (log 2 fold-change >j1.5j; 1064 upregulated; 1145 downregulated) at a false discovery rate <.05 ( Supplementary Table S1 ). Control and mutant cells clustered distinctly ( Figures 5A and 5B ), and by Gene Ontology analysis, genes upregulated in Klf5-null cells display metabolic functions associated with villus differentiation, 21, 22 whereas downregulated genes exhibit functions related to development and differentiation ( Figure 5C ). To characterize these changes further, we performed gene set enrichment analysis (GSEA) on the full dataset against ISC signature 23 and villus-enriched 24 genes. Klf5-null ISCs were depleted of ISC signature genes, such as Lgr5, Olfm4, Ascl2, and Smoc2 ( Figure 5D ), and enriched for genes that are highly expressed in villus cells, such as Fabp1, Fabp2, Reg1, and Krt20 ( Figure 5E ). Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) analysis of selected RNA sequencing (RNA-seq) findings confirmed elevation of enterocyte transcript levels in Klf5-null ISCs, such as Fabp1, Fabp2, and Reg1 ( Figures 6A and 6B ). RT-qPCR on Lgr5 EGFPlo progenitors showed significant reduction of secretory lineage-specific genes Atoh1, Muc2, and Chga, whereas enterocyte markers Fabp2 and Reg1 were significantly increased over control cells ( Figure 6C ). Furthermore, the few Klf5-deleted enteroids contained VIL1-expressing, but lacked MUC2 þ , CHGA þ , and LYZ þ , cells ( Figures 6D and  6E ). Together, these findings indicate that loss of KLF5 in Lgr5 EGFPþ cells results in loss of the ISC transcriptional signature, with premature enterocyte-biased differentiation, revealing a cardinal role for KLF5 in determining ISC "stemness."
KLF5 Maintains H3K27ac at Genomic Loci Associated With ISC Gene Expression
TFs occupy their target gene promoters and enhancers marked by active histone marks, such as H3K27ac. 25, 26 To identify KLF5-dependent cis-elements that may underlie the transcriptional response to KLF5 loss, we used chromatin immunoprecipitation followed by sequencing (ChIP-seq) to assess genome-wide H3K27ac distributions in Klf5-null ISCs. Compared with Lgr5 Ctrl ISCs, duplicate samples of Lgr5 DKlf5 ISCs showed 1,286 regions of reduced and 362 sites with increased H3K27ac (fold-change >1.7, P < .01, identified by diffReps) ( Figures 7A and 7B ). 27 Compared with transcription start sites (TSSs) (promoters), many more distant regions lost H3K27ac in Lgr5 DKlf5 ISCs ( Figure 7C ). Affected distant regions, such as those in the Sfrp5, Prelp, and St6galnac1 loci ( Figures 7A and 7D ), had accessible chromatin 28, 29 in control ISCs ( Figure 7C ) (GSE83394) and were significantly associated with genes having reduced expression in Lgr5 DKlf5 ISCs ( Figure 8A ), indicating that they are bona fide cis-elements. Moreover, the TF-binding sequence Eight-to 12-week-old Lgr5 Ctrl and Lgr5 DKlf5 mice were injected with tamoxifen for 5 consecutive days and sacrificed at 0, 2, 5, 9, 12,19, 33, or 61 days after the first injection. Mice were injected with EdU 3 or 24 hours before sacrifice. Lgr5 EGFPhi cells were FACS-isolated for 3-dimensional enteroid culture, RNA-seq, and ChIP-seq at day 5. Lgr5 Ctrl Lgr5 ∆Klf5 DAPI EGFP RFP KLF5 F 50 120 most enriched in these regions corresponds to the KLF binding motif ( Figure 8B ), which implies that KLF5 occupancy at these sites underlies enhancer activity. Furthermore, 31.8% of downregulated genes (q < .05) had a H3K27ac-depleted site within 50 kb of the TSS ( Figure 8C ). In contrast, the many fewer sites (346 enhancers and 16 promoters) that acquired H3K27ac lacked association with upregulated genes (data not shown). Even by a more stringent cut-off (fold-change >2), enhancers with reduced H3K27ac in Lgr5 DKlf5 ISCs were significantly enriched for the KLF motif ( Figure 8D ). Together, these data indicate that KLF5 primarily activates genes through distant enhancers and that increases in gene expression are likely secondary effects unrelated to KLF5 binding.
ISC self-renewal depends on WNT and NOTCH signaling, 30 and integrative analysis of reduced messenger RNA and H3K27ac in Lgr5 DKlf5 ISCs implicated KLF5 in regulation of selected genes in both pathways. Genes reduced in expression were enriched by GSEA for the NOTCH pathway ( Figure 9A ) and BETA analysis, 31 where coordinate losses of H3K27ac and messenger RNA were evident ( Figures 9A and 9B) . Similarly, genes activated by WNT signaling (b-catenin accumulation) 32 were enriched in control Lgr5 þ ISCs and reduced in Klf5-deleted ISCs ( Figure 9C ). Of note, H3K27ac losses occurred only at a subset of WNT target genes: diminished H3K27ac levels and significantly reduced messenger RNA were particularly apparent at Ascl2, a WNT target gene and ISC marker known to maintain the ISC compartment ( Figure 9D ). 33 To verify the presumptive role of KLF5 in Ascl2 transcriptional control, we coexpressed a luciferase reporter construct carrying w1.4 kb of upstream Ascl2 sequence ( Figure 9E ) with a pMT3-KLF5 expression vector in RKO colorectal cancer cells, which express negligible KLF5 levels. Compared with an empty pMT3 vector, forced KLF5 expression increased luciferase activity significantly ( Figure 9E ), confirming the prediction that KLF5 activates Ascl2. Furthermore, JASPAR CORE 2018 vertebrate 34 identified potential KLF5 binding sites in the 1.4-kb region upstream of Ascl2 (P < .001) ( Figure 9E ) and ChIP-qPCR with KLF5 antibody showed enrichment in control Lgr5 þ ISCs but not in Klf5-null ISCs or in ChIP assays using an isotype control antibody ( Figure 9E ). Thus, the hundreds of KLF5-dependent cis-elements include the ISC-restricted Ascl2 promoter. As KLF5dependent loss of H3K27ac associates particularly well with downregulated genes, including those related to NOTCH and WNT signaling, KLF5 activity upstream of selected genes in these pathways is likely responsible for maintaining ISC identity and self-renewal.
KLF5 Is Required for the Regenerative Response After Irradiation Injury
Intestinal epithelial regeneration following 12-Gy g-irradiation injury in mice can be divided into 3 phases: apoptosis (0-48 hours), regeneration (72-96 hours), and normalization (after 96 hours). 4 Multiple crypt cells populations are capable of dedifferentiating into ISC during the regenerative phase. 4, 5, [35] [36] [37] [38] [39] To determine this capacity in Klf5-deleted crypt cells, we treated Lgr5 Ctrl and Lgr5 DKlf5 mice with 12-Gy whole-body g-irradiation ( Figure 10A ). During the apoptotic phase, Klf5-deleted RFP þ crypt cells were consistently fewer in Lgr5 DKlf5 mice compared with Lgr5 Ctrl mice ( Figures 10B and 10C) , which may be due to lower EdU incorporation by Klf5-deleted RFP þ crypt cells ( Figures 10B  and 10D ). Furthermore, Klf5-deleted RFP þ TA cells were more sensitive to apoptosis immediately after irradiation injury ( Figures 11A and 11B ). Ninety-six hours after irradiation, robust crypt regeneration was apparent in both Lgr5 Ctrl and Lgr5 DKlf5 mice, with the majority of cells expressing KLF5 ( Figure 11C ), but regenerating RFP þ crypts were markedly reduced in Lgr5 DKlf5 mice in the setting of early apoptosis and decreased proliferation ( Figures 11C and 11D ). Lgr5 þ ISCs appeared within regenerated RFP þ crypts 7 days after irradiation in Lgr5 Ctrl mice, which demonstrates dedifferentiation of RFP þ precursors to ISCs ( Figure 11E ). Additionally, we performed hematoxylin and eosin (H&E) and KLF5 immunohistochemistry analysis of colonic or intestinal tissues obtained from control group (Figures 12A-F) and patients who underwent radiation treatments with a pathological diagnosis of radiation colitis or enteritis ( Figures 12G-L) . We observed that in control tissues KLF5 stain is limited to the 2/ 3 of the crypts while in tissues after irradiation KLF5 expression extends to the upper section of the crypts and to the surface of the colonic or intestinal epithelium. Collectively, these data indicate that KLF5 is required for crypt cells to dedifferentiate and regenerate the intestinal epithelium following radiation injury.
Discussion
We report that KLF5 controls ISC proliferation and stemness, preventing their premature differentiation along the enterocyte lineage. Because previous studies implicate KLF5 in promoting intestinal epithelial cell proliferation, 15, 18, 20 the increased proliferation of Klf5-null ISC is an unexpected finding. Accelerated proliferation results in upward migration of EdU-labelled Klf5-null progenitors and ultimately ISCs exhaustion from the crypt bottom. Interestingly, the initial burst of proliferation of Klf5-null cells is not maintained in the TA zone, supporting the notion that KLF5 has a precursor-specific function as a proproliferative factor. A recent study suggested that WNT signaling suppression induces conversion of ISCs into TA cells, resulting in accelerated proliferation. 40 Based on transcriptome profile of Klf5-null ISCs that showed reduction of WNT target genes, we speculate that Klf5-null ISCs undergo premature differentiation to rapidly-cycling enterocyte precursors via suppression of WNT signaling pathway. However it remains possible that Klf5-null ISCs spontaneously lose Lgr5 expression, thus further contributing to loss of ISCs.
Moreover, KLF5 is expressed in the majority of crypt cells, which have shown to contribute to tissue regeneration postinjury, 41 and we find that this regenerative capacity is abrogated in the absence of KLF5. Since KLF5 is required to maintain the proliferative capacity of these cells, it may also be required for proliferation and dedifferentiation during regeneration. Recent studies have suggested that activated NOTCH signaling stimulates Paneth cell plasticity during injury-induced regeneration. 42, 43 While KLF5 is not expressed in Paneth cells during homeostasis, the majority of cells within regenerative crypts express KLF5, indicating that KLF5 remains a critical player in the regenerative response. Furthermore, this response may be facilitated via KLF5-mediated NOTCH signaling regulation in other precursors.
Accessible chromatin and active histone modifications, such as H3K27ac, mark TF-bound cis-elements that control cell-specific genes. KLF5-dependent genes were strongly correlated with KLF5-dependent enhancers enriched for the cognate binding motif, indicating that at least part of KLF5's mechanism is to maintain TF access and active histone marks at selected ISC enhancers. Among the panoply of bona fide target genes, KLF5-dependent enhancers control selected genes in the WNT and NOTCH pathways. KLF5 thus maintains stem cell homeostasis in part by preserving cisregulatory elements upstream of these ISC signals, which may be also required in the dedifferentiation process postinjury. In contrast, genes that gain expression in Klf5-null ISCs are mature villus genes associated with enhancers that lack KLF5 motif enrichment, and these are likely not direct transcriptional targets. Furthermore, we observed that Klf5null ISCs fail to produce secretory lineages in the context of reduction of NOTCH signaling and WNT target genes in ISCs.
As we observed a reduction in Atoh1 expression while Hes1 expression did not change in Lgr5 EGFPlo cells, it is possible that KLF5 has unique functions in precursors and would be of interest to explore its potential role in lineage determination of precursors.
In summary, our study has shown that KLF5 is required for ISC identity and functions through preserving cisregulatory elements of ISC genes to regulate transcription, and is required in tissue regeneration postinjury and dedifferentiation of precursors into ISCs.
Materials and Methods
All authors had access to the study data and had reviewed and approved the final manuscript.
Mice
Klf5 fl/fl , 44 Lgr5 EGFP-IRES-creERT2 , 45 and Rosa26 LSLtdTomato46 mice were described previously and Lgr5 EGFP-IRES-creERT2 and Rosa26 LSLtdTomato mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Lgr5 Ctrl and Lgr5 DKlf5 mice were generated by cross-breeding. Animal studies were carried out in accordance with the Animal Research: Reporting In Vivo Experiments guidelines and were approved by the Stony Brook University Institutional Animal Care and Use Committee. Animals were kept on ad libitum normal chow and water. Female and male of mice at 8-12 weeks of age were used in this study. Animals were treated and sacrificed during the light cycle hours. To induce recombination, mice were injected intraperitoneally with tamoxifen dissolved in corn oil (10 mg/mL) (Sigma-Aldrich, St. Louis, MO) at 1 mg per injection for 2 or 5 days. Mice were sacrificed at 0, 2, 5, 9, 12, 19, 33, or 61 days after the initial tamoxifen injection, and small intestines were harvested for processing. Before euthanasia at 3 or 24 hours, all mice were injected with 100 mg of EdU (Santa Cruz Biotechnology, Dallas, TX) dissolved in 1:5 of DMSO and H 2 O. For g-irradiation injury model, mice were exposed to total body g-irradiation on day 5 after tamoxifen treatment with a dose rate of 0.8 Gy/min for total of 12 Gy. The mice were sacrificed at 0, 6, 24, 36, 48, 96 hours, and 7 days after girradiation, and small intestines were harvested for processing.
Samples From Patients
Surgical specimens of resected colorectal cancer specimen obtained from Stony Brook University and SUNY Downstate were used in this study. A total of 17 specimens were processed for H&E and immunohistochemistry. The protocol for the sample collection has been originally approved by the Institutional Review Board 
H&E Staining
Histology of sections was observed on stained 5-mm sections that were fixed, paraffin embedded, deparaffinized, and rehydrated, as mentioned previously. Then, they were stained with Hematoxylin Stain Solution, Gill 3 (Ricca Chemical Company, Pocomoke City, MD) and Eosin Y (Sigma-Aldrich). Sections were dehydrated in an increasing series of ethanol baths (70%, 95%, and 100%), cleared in xylene, and mounted with Cytoseal XYL xylene-based mounting media (Thermo Fisher Scientific, Waltham, MA). The H&E stains were used for histopathological assessment.
Immunofluorescence and Immunohistochemistry Staining
Tissue fixation and stain was done as described previously. 15 The list of antibodies used in this study is presented in Table 1 .
EdU and TUNEL Staining
EdU-labeled cells were stained using the Click-IT Plus EdU Imaging kit (Thermo Fisher Scientific) according to the manufacturer's protocol. TUNEL staining was performed according to the manufacturer's protocol (Sigma-Aldrich).
Cell and Crypt Counting
Countable crypts were selected based on the presence of 3 to 5 Paneth cells at the bottom of the crypt using red fluorescent protein (RFP) or enhanced green fluorescent protein (EGFP) immunofluorescent staining. The numbers were represented as average number of stained cells per crypt, or percent of stained cells of total number of cells. For average number of crypt cells, a minimum of 20 crypts were counted per mouse for n ¼ 3-4. For percent of EdUincorporated cells, a total of 250 cells were counted per mouse for n ¼ 3.
Cell Isolation for Enteroid Culture
Proximal small intestine was harvested from mice injected with tamoxifen for 5 consecutive days. Intestinal epithelial cells were dissociated as previously described. 47 RFP þ EGFP hi cells were sorted by flow cytometry (BD FAC-SARIA III; BD Biosciences, San Jose, CA) ( Figure 4A ) and embedded in Matrigel (Corning, Corning, NY). Enteroid culture medium was prepared using L-WRN cells as previously described, 48 and supplemented with transforming growth factor b inhibitor A83-01 (500 nM) (Tocris Bioscience, Bristol, United Kingdom) and antibiotic cocktail Primocin (100 mg/mL) (Thermo Fisher Scientific). GSK3b inhibitor CHIR99021 (10 mM) (Tocris) and ROCK inhibitor Y-27632 (10 mM) (Sigma-Aldrich) were also added during the first 2 days of culture. The media were changed every 2 days. Live enteroids were imaged using Olympus (Center Valley, PA) phase contrast microscope. At day 6 of the enteroid culture, number of enteroids per well were quantified to measure enteroid-forming efficiency.
Enteroid Paraffin Section Preparation
Enteroids were washed with phosphate-buffered saline. Matrigel from multiple wells was gently scraped and dissolved with Cell Recovery Solution (Corning) on an orbital shaker (250 rpm) at 4 C for 30 minutes. Enteroids were centrifuged at 300 g for 10 minutes at 4 C, suspended in HistoGel (Thermo Fisher Scientific), moved to a disposable base mold, and placed on ice for 10 minutes. Hardened gel was fixed for 24 hours and processed for paraffin embedding.
Enteroid Whole-Mount Immunofluorescent Staining and Nuclei Quantification
Whole-mount immunofluorescent staining was performed as previously described. 49 Three hours before fixation, enteroids were treated with 10-mM EdU (Thermo Fisher Scientific). Images were obtained using Leica Inverted Confocal Sp8 (Leica Microsystems Inc, Buffalo Grove, IL) equipped with a White Light Laser and a Leica HyD Detector. Number of nuclei of enteroids at day 2 were quantified using confocal images.
Cell Isolation for Total RNA Analysis
Mice were injected with tamoxifen for 5 consecutive days. Proximal small intestines were harvested, and cells were isolated and dissociated as previously described. 24 Lgr5 EGFPhi and Lgr5 EGFPlo cells were sorted by flow cytometry (BD FACSARIA III).
RNA Isolation and Gene Expression Analysis by RT-qPCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. RNase-Free DNase Set (Qiagen) was used to remove DNA. Total RNA was used for RT-qPCR and RNA-Sequencing. cDNA was synthesized using the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer's protocol. RT-qPCR assay was performed using Taq-Man Gene Expression Master Mix (Thermo Fisher Scientific) and QuantStudio 3 qPCR machine (Thermo Fisher Scientific). List of the primers used in this study is listed in Table 2 .
RNA Library Preparation and Sequencing
RNA quality (RNA Integrity Number >7.0) was measured using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Total 500 ng of RNA was used to prepare RNA-seq libraries. The RNA library was prepared and sequenced as previously described. 50 Quality of the sequencing data was assessed through multiple metrics, including number of pass filter reads per sample, base quality per cycle, percent base content per cycle, and the overall distribution of base quality scores.
RNA-seq Analysis
The reads were aligned with STAR (version 2.4.0c), 51 and genes annotated in Gencode vM5 were quantified with featureCounts (v1.4.3-p1), 52 and transcript abundance was quantified using kallisto. 53 Normalization and differential expression was done with the Bioconductor package DESeq2. 54 QC metrics were computed with a mix of RSeQC, 55 picard (v1.83), and featureCounts. P values were adjusted for multiple comparisons using Bonferroni correction. Significant genes have a minimum 1.5-fold change and adjusted P value of .05. Gene Ontology terms of biological processes enriched in differentially expressed genes were identified using GSEA, 56 Molecular Signatures Database (MsigDB). The villus-enriched gene list was obtained from a previously published RNA-seq data comparing transcriptomes of ISCs and villus cells, with differentially expressed genes with fold change !3. 24
ChIP-seq
Lgr5 EGFPhi cells were collected as for ChIP-PCR. ChIP-seq was performed as in. 29 Briefly, cross-linked cells were lysed and sonicated in RIPA lysis buffer to obtain 200-to 800-bp chromatin fragments. Chromatin were incubated overnight at 4 C with H3K27ac antibody followed by Protein A and G Dynabeads (10002D and 10004D) (Thermo Fisher Scientific) at 2 hours. Chromatin-antibody complex bound beads were washed twice in the sonication buffer, once in high-salt buffer, once in LiCl buffer, and once in Tris-EDTA, pH 8. Cross-links were reversed overnight by incubation at 65 C followed by treatment with Proteinase K (25530049; Thermo Fisher Scientific) for 1 hour at 55 C. DNA was purified with MinElute PCR purification kit (28004; Qiagen). Libraries were prepared using ThruPLEX DNA-seq kit (R400427; Rubicon Genomics, Ann Arbor, MI), purified using Ampure XP beads (Beckman Coulter, A63881) and sequenced on Illumina HiSeq X (Illumina, San Diego, CA) to obtain 150-bp paired-end reads.
ChIP-seq Data Analysis
The first mates of paired-end reads were used as singleend reads for further analysis. Reads were aligned to the mouse reference genome mm9 (NCBI Build 37) or mm10 (GRCm38) using Bowtie2. 57 diffReps 27 was used for whole genome differential analysis of H3K27ac in ISCs isolated from Lgr5 Ctrl and Lgr5 DKlf5 mice. multiBamSummary module of deepTools2 58 was used to determine read coverage for duplicate bam files and correlation plots were created in R. HOMER v4.8.2 59 was used for motif analysis at differential regions detected by diffReps. For representation, ChIP and RNA-seq bigwigs were created using bamCoverage in deepTools2. For comparative visualization, experimental and control groups were quantile-normalized using Haystack. 60 Heatmaps were plotted using deepTools2 and bigwig traces depicted on Integrative Genomics Viewer (IGV). 61 BETA 31 was used to quantify promoter/enhancer gene associations for differential regions using ±50-kb distance limit from a TSS, a significance threshold of FDRadjusted q < .05 for differential gene expression in Lgr5 Ctrl and Lgr5 DKlf5 ISCs, and other default parameters.
ChIP-PCR
Approximately 1 Â 10 6 Lgr5 EGFPhi cells pooled from 2-4 mice were used for ChIP-PCR. ChIP was performed as previously described, 62 with a few modifications. Cells were cross-linked for 15 minutes with 1% formaldehyde, and cross-linking was stopped by adding glycine at a final concentration of 125 mM. Cells were washed once with cold phosphate-buffered saline. Chromatin digested with micrococcal nuclease was incubated with 1.5 mg of anti-KLF5 antibody (Abcam, Cambridge, United Kingdom) or rabbit IgG (Abcam), precipitated using Protein A-and Protein G-coated Dynabeads (Thermo Fisher Scientific). Beads were washed 6-8 times. Immunoprecipitated chromatin fragments were reverse cross-linked in elution buffer (0.1M NaHCO3, 1% sodium dodecyl sulfate) with NaCl and RNase A at 65 C for 4 hours. DNA was treated with Protease A for 1 hour at 60 C, extracted using UltraPure Phenol:-Chloroform:Isoamyl Alcohol (25:24:1, v/v) (Thermo Fisher Scientific) in MaXtract High Density tubes (Qiagen), and purified using Agencourt Ampure XP DNA purification kit (Beckman Coulter, Brea, CA). Potential binding sites for KLF5 were identified using Eukaryotic Promoter Database 63 and JASPAR CORE 2018 vertebrate. 34 The list of the primers used in this study is provided in Table 2 .
Luciferase Assay
